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Formation in Migrating Mesoderm as a
Cell-Nonautonomous Vg1 Cofactor
with highly conserved cytoplasmic domains and he-
paran sulfate glycosaminoglycans covalently attached
to their extracellular domain (Rapraeger, 2001). The he-
paran sulfate chains bind a variety of extracellular li-
gands, while the cytoplasmic domain interacts with the
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actin cytoskeleton and potential downstream signalUniversity of Utah
transducers (Zimmermann and David, 1999). Syndecans2000 Circle of Hope
are not thought to function as direct signal transducers,Salt Lake City, Utah 84112
acting instead as cofactors by regulating how extracellu-
lar ligands activate their primary signaling receptor on
the same cell surface (Carey, 1997). As cofactors, synde-
Summary cans are essential regulators of multiple cellular activi-
ties, including cell adhesion, proliferation, migration,
Heparan sulfate proteoglycans expressed on the Xen- and cell-cell signaling. Recent genetic studies in Dro-
opus animal cap ectoderm have been implicated in sophila demonstrate that specific heparan sulfate chain
transmitting left-right information to heart and gut pri- modifications and HSPG core proteins are involved in
mordia. We report here that syndecan-2 functions in distinct signaling pathways (Lin and Perrimon, 2000);
the ectoderm to mediate cardiac and visceral situs, however, little is known about syndecan function in early
upstream of known asymmetrically expressed genes vertebrate development.
but independently of its ability to mediate fibronectin HSPGs are critical for normal developmental signaling
fibrillogenesis. Left-right development is dependent of Dpp, a Drosophila member of the transforming growth
on a distinct subset of glycosaminoglycan attachment factor, or TGF, superfamily of signaling factors (Jack-
sites on syndecan-2. A novel in vivo approach with son et al., 1997). Work in Xenopus (Hyatt et al., 1996;
enterokinase demonstrates that syndecan-2 functions Hyatt and Yost, 1998) suggests that the TGF cell-cell
in left-right patterning during early gastrulation. We signaling molecule Vg1 is an early signaling factor in
describe a cell-nonautonomous role for ectodermal left-right development. While it is unclear whether all
syndecan-2 in transmitting left-right information to mi- vertebrates use the same mechanism to initiate left-right
grating mesoderm. The results further suggest that development (Yost, 1999), TGF-like signaling mole-
this function may be related to the transduction of cules have conserved roles in later stages of vertebrate
Vg1-related signals. left-right development (Burdine and Schier, 2000). nodal
and lefty are two TGF family members expressed in
highly conserved patterns in the left lateral plate meso-Introduction
derm, immediately adjacent to mesoderm that will con-
tribute to asymmetric organogenesis of the heart andDuring vertebrate development, left-right signaling path-
gut. Normal left-sided expression of nodal and lefty isways establish asymmetric gene expression patterns in
disrupted by various embryological and genetic pertur-neurula-stage embryos and regulate subsequent asym-
bations. Together, these results indicate that nodal andmetric morphogenesis in the heart, viscera, and brain.
lefty serve intermediate roles in left-right developmentalThe mechanisms by which the embryonic left-right axis
pathways, upstream of the specification of left-right in-is initiated are unclear. The loss of initial left-right axis
formation in cardiac and viscera primordia but down-information results in a condition known as heterotaxia,
stream of initial left-right axis formation.where the individual organs are discordantly oriented
Using lineage-targeted loss-of-function and domi-(Brown and Wolpert, 1990). Results from embryological
nant-negative approaches, we demonstrate that synde-manipulation suggest that the animal cap ectoderm in
can-2 is a molecular mediator of left-right developmentXenopus gastrula-stage embryos is an important source
by embryonic ectoderm. Using a novel in vivo approach,of the early left-right signaling information (Yost, 1992).
we demonstrate that attachment of multiple heparanAlthough the molecular identity of this ectodermal signal
sulfate glycosaminoglycans on syndecan-2 and func-is unknown, it has been proposed that heparan sulfate
tional interaction of these glycosaminoglycan sites with
proteoglycans (HSPGs) or the extracellular matrix on
the cytoplasmic domain are necessary for the establish-
the basal surface of the ectoderm patterns mesodermal
ment of the left-right signaling pathway during gastrula-
primordia with left-right development information as the tion, just before the cell migration of mesoderm across
mesoderm migrates over the ectoderm during gastru- ectoderm. Syndecan-2 binds the left-right coordinator
lation. Syndecan-1 and -2 are maternally expressed Vg1, and a dominant-negative syndecan-2 specifically
HSPGs that specifically localize to the animal cap ecto- blocks Vg1 signaling but not Nodal- or Activin-mediated
derm (Teel and Yost, 1996), making them candidates for mesoderm induction in animal cap assays. Furthermore,
the control of left-right development by the embryonic the normal left-right axis is rescued in embryos express-
ectoderm. ing a dominant-negative syndecan-2 when active Vg1 or
Syndecans are a family of transmembrane HSPGs a constitutively active ALK4 receptor is asymmetrically
overexpressed, suggesting that syndecan-2 and Vg1 have
functionally overlapping roles in left-right development.1 Correspondence: joseph.yost@hci.utah.edu
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Results
Syndecan-2 in the Animal Cap Ectoderm
Mediates Left-Right Development
To initially assess the roles of syndecans in early devel-
opment, we truncated syndecan-1 and -2 at the same
position in the middle of the cytoplasmic domain (Figure
1A); this truncation disrupts two putative functional do-
mains, and the resulting syndecan protein functions as
a dominant negative in cell culture (Klass et al., 2000).
The syndecan full-length and mutant mRNAs were then
targeted by microinjection into specific animal cap lin-
eages that give rise to nonneural ectoderm but not to
the mesoderm that gives rise to asymmetric organs (Fig-
ure 1B). Embryos injected with mRNA encoding a cyto-
plasmically truncated syndecan-2 (S2) appeared mor-
phologically normal through gastrulation and tail-bud
stages (see Figure 2 for examples). At later stages, S2-
expressing embryos displayed randomized heart (42%
reversed, n  188; Figure 1C) and gut looping (70%
reversed, n  188). The embryos had normal anterior-
posterior, dorsal-ventral, and midline development, indi-
cating that S2 expression in the ectoderm specifically
affected left-right axis formation and not the result of
generally perturbing mesoderm migration (see Figure 2
for examples). Asymmetric orientation of the cardiac
and abdominal viscera was discordant in S2-injected
embryos, resulting in heterotaxia (reversed heart/reversed
gut, 34%; normal heart/reversed gut, 36%; reversed
heart/normal gut, 8%).
The effect on left-right development was specific to
S2; heart looping was normal in embryos injected with
mRNA encoding full-length syndecan-2 (S2), full-length
syndecan-1 (S1), or cytoplasmically truncated synde-
can-1 (S1). Furthermore, injection ofS2 into mesoder-
mal cell lineages where syndecan-2 RNA is not endoge-
nously expressed (Teel and Yost, 1996) had no effect on
left-right development (see below). Finally, coinjection of
S2 and S2 RNA at equimolar concentrations into animal
cap lineages significantly rescued normal heart looping
(2 analysis, p  0.02). Together, these results demon-
strate that S2 functions as a dominant negative in left-
right development.
Previous results suggested that the animal cap ecto-
derm signals to the underlying mesoderm via HSPGs
or the extracellular matrix on the basal surface of the
ectoderm (Yost, 1992). The fact that S2 was previously
characterized for its ability to perturb fibronectin fibrillo-
Figure 1. Expression of Truncated Syndecan-2 in Animal Cap Cells
genesis in vitro (Klass et al., 2000) raised the possibilityRandomizes Heart Left-Right Development
that S2 was indirectly mediating left-right develop-(A) Truncation of cytoplasmic domain sequence of syndecan-1 (S1)
ment. To test the hypothesis that syndecan-2 mediatesand syndecan-2 (S2). Changing N591 in S1 and S151 in S2 to stop
codons generated truncation mutants (S1 and S2, respectively)
and deleted the underlined amino acids. GAG attachment sites are
indicated in dark oval; transmembrane domain (TM) is indicated by domized heart looping (n  188), while heart looping was normal in
a double hatch. embryos injected with mRNA encoding S2 (n  162), S1 (n  96),
(B) A schematic lateral view of an early gastrula-stage Xenopus or S1 (n  93). Coinjecting S2 with S2 partially rescued normal
embryo. The mesodermal primordia (red hatched) migrate (arrow) dur- heart looping (n  150).
ing gastrulation along cells in the basal surface of the animal cap (D) The role of syndecan-2 in extracellular matrix organization is
ectoderm, which express syndecan-1 and -2 (blue). RNA was injected not correlated with the role of syndecan-2 in left-right development.
into either ventral animal pole cell of the 32-cell embryo to limit later Confocal images of fibronectin (green) on the basal surface of gastrula-
expression to the animal cap (red dotted targeting area) and ensure stage animal caps from embryos injected with Texas red-dextran alone
that any observed phenotype was the result of interfering with en- (Dex) or coinjected with S2 or S1. Each pair of images displays
dogenous syndecans and not a consequence of misexpression. fibronectin alone in the top panel, and fibronectin with dextran in the
(C) Heart looping in embryos expressing various syndecan con- bottom panel. Gaps were observed in 0/18 Dex embryos, 12/15 S2
structs. Embryos injected with mRNA encoding S2 displayed ran- embryos, and 17/19 S1 embryos.
Syndecan-2 in Left-Right Development
117
normal. Injection of syndecan-2 morpholino at the sin-
gle-cell stage resulted in the same phenotype (69% gut
reversal, n  36). An important control for specificity,
coinjection of the morpholino with a full-length synde-
can-2 mRNA designed to not interact with the morpho-
lino significantly rescued normal gut looping (35% gut
reversal, n  137, p  0.02). Together with the S2
results, the morpholino results identify maternally en-
coded syndecan-2 as a molecular mediator of the animal
cap ectoderm’s role in left-right development.
Early Asymmetric Gene Expression Patterns
Depend on Syndecan-2 Function
Expression of TGF signaling molecules nodal and lefty
in the left lateral plate mesoderm and the bicoid-type
homeobox gene pitx2 in the left heart field are highly
conserved among vertebrates (King and Brown, 1999)
and are downstream of the molecular cascade that initi-
ates left-right axis formation in Xenopus (Yost, 1999).
To define where syndecan-2 lies in the left-right path-
way, we analyzed the expression of all three genes by
in situ hybridization. nodal, lefty, and pitx2 expression
patterns were randomized inS2-injected embryos (Fig-
ure 2), indicating that syndecan-2 functions upstream
of the earliest known asymmetric genes in Xenopus. ForFigure 2. Syndecan-2 in Animal Cap Cells Functions Early in Left-
Right Development all markers examined, the left-right asymmetric gene
Representative in situ hybridizations of nodal (top row, stage 24 expression patterns in S2-injected embryos are pre-
embryos; uninjected, n  22; S2 treated, n  65) and lefty (middle dictive of the incidence of normal heart looping (calcula-
row, stage 24; uninjected, n  16; S2 treated, n  61) in the lateral tions based on Lohr et al., 1997). Together with the
plate mesoderm or pitx2 (bottom row, stage 26; uninjected, n  18;
observed morphological heterotaxia in S2-injected
S2 treated, n 30) in the heart field. The frequency of the observed
embryos, these randomized gene expression patternsexpression pattern for each marker is indicated with each panel.
suggest that syndecan-2 mediates the initial orientationPanels in the top two rows (nodal and lefty) are dorsal views, and
those in the bottom row are ventral views; anterior is at the top. of the left-right axis.
Syndecan-2 Functions in Left-Right Developmentleft-right development through interactions with fibro-
during Early Gastrula Stagesnectin, we examined fibronectin fibril deposition in mid
While binding of extracellular ligands is critical to thegastrula-stage embryos expressing S2 and S1. The
role of syndecans as cofactors (Carey, 1997), the extra-fibronectin matrix was normal in control embryos (Figure
cellular domain of all syndecans is constitutively shed1D, Dex), but large gaps in the fibronectin matrix, specifi-
in cell culture (Kim et al., 1994), and syndecan sheddingcally associated with cells expressing S2, were ob-
is a regulated event in wound healing (Fitzgerald et al.,served. However, similar gaps in fibril deposition were
2000). To address whether the syndecan-2 intracellularobserved on animal cap cells expressing S1 (Figure
domain must be linked to the extracellular domain to1D) or other syndecan constructs that had no effect on
affect left-right development and to assess the criticalleft-right development (data not shown). These results
developmental period for syndecan-2 function in left-demonstrate a role of syndecan-1 and -2 in fibronectin
right development, we used a novel in vivo approachmatrix deposition during embryogenesis and indicate
that allowed us to experimentally induce cleavage ofthat the role in extracellular matrix deposition is distinct
the extracellular domain during specific stages of em-from the role of syndecan-2 in left-right development.
bryonic development. A sequence encoding the FLAGTo independently address the role of endogenous
oligopeptide was inserted on the extracellular side ofsyndecan-2 in left-right development, we used a cell
the transmembrane domain in the S2 construct (Figurelineage-specific loss-of-function approach that was de-
3A). In this construct, the extracellular domain can bevised using antisense morpholino oligonucleotides
released from the cell surface by injection of the prote-(Heasman et al., 2000), designed specifically to block
ase enterokinase into the blastocoel. Enterokinase spe-translation of syndecan-2 mRNA. syndecan-2 mRNA is
cifically recognizes and cleaves the FLAG oligopeptidematernally supplied to the embryo (Teel and Yost, 1996);
as an in vitro substrate (Hopp et al., 1988). Although theconsequently, the morpholino approach is not com-
FLAG epitope is widely used both as an immunohisto-pletely equivalent to the dominant negative, since mater-
logical reagent and to purify proteins in vitro, it is usednally synthesized syndecan-2 protein cannot be blocked
here in an embryo to identify a protein’s critical func-by morpholino treatment. Nonetheless, syndecan-2
tional period during development.morpholino targeted to animal cap ectoderm lineages
Expression of FLAG-tagged S2 (FS2) in the animalpartially phenocopied the dominant negative; asymmet-
cap ectoderm randomized heart looping to the sameric organization of the abdominal viscera was random-
ized (70% reversed, n  185), but heart looping was degree as that of S2 (Figure 3B), indicating that the
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Figure 4. Multiple Glycosaminoglycan Attachment Sites in the Ex-
tracellular Domain of Syndecan-2 Are Required to Disrupt Normal
Heart Looping
(A) Partial sequence of the extracellular region of syndecan-2 illus-
trating the putative glycosaminoglycan attachment sites.
(B) Heart looping in embryos expressing S2 with or without muta-
tion of glycosaminoglycan attachment sites (S2S48,50,52A, n  88;
S2S48A, n  108; S2S50A, n  105; S2S52A, n  83; S2S48,50A, n 
87; S2S48,52A, n  81; S2S50,52A, n  84). Mutation of three serines
(S48, S50, S52) to alanines blocks GAG addition at these sites and
Figure 3. Enterokinase-Induced Cleavage or Shedding of the Ecto- reduces the dominant-negative effects on left-right development.
domain in S2 during Gastrulation Rescues Normal Left-Right De-
velopment
(A) Sequence of the extracellular juxtamembrane region of synde- developmental stages cleaved FS2 (Figure 3C, and
can-2 indicating where the enterokinase cleavage site/FLAG domain data not shown), indicating that the dominant-negative
(underlined) was inserted into the S2 construct to create FS2. protein is still accessible on the cell surface. These re-
(B) Orientation of heart looping in embryos with or without coinjec-
sults indicate that perturbation of syndecan-2 functiontion of recombinant enterokinase (rEK, 50 mU, Novagen) into the
by S2 must occur during early gastrulation in order toblastocoel of FS2- or S2-expressing gastrula-stage embryos
(FS2, n  106; FS2  rEK stage 10, n  120; FS2  rEK stage randomize left-right development.
11, n  48; FS2  rEK stage 11.5, n  50; FS2  rEK stage 12,
n  38; S2  rEK, n  43; rEK, n  92). Specific Heparan Sulfate Chains on Syndecan-2
(C) Injection of enterokinase into the blastocoel at all gastrula stages Have a Role in Left-Right Development
cleaves FS2 from the cell surface. FS2-expressing embryos with
Syndecans bind extracellular ligands through glycosam-or without coinjection of enterokinase into the blastocoel at either
inoglycan (GAG) side chains attached to serines in thestage 11.5 or 12 were all homogenized at stage 13 in the absence
or presence of Triton X-100, which was used to solubilize any mem- extracellular domain (Bernfield et al., 1999). To address
brane-bound syndecan-2. whether GAGs on syndecan-2 are involved in left-right
development, we specifically mutated putative glycosami-
noglycan attachment sites in the S2 construct and as-
sayed them for their ability to randomize the left-right axis.FLAG epitope did not alter the efficacy of the dominant-
negative protein. Injection of enterokinase into the blas- We focused on three serines located near the amino termi-
nus that lie within a domain that supports heparan sul-tocoel of FS2-expressing embryos during early to mid
gastrula stages cleaved the dominant-negative proteo- fate attachment (Figure 4A) (Zhang et al., 1995).
Mutating all three serine-GAG attachment sites abol-glycan and rescued normal heart looping. In contrast,
enterokinase injection into the blastocoel of late gas- ished the ability of S2 to randomize heart looping (Fig-
ure 4B), indicating that these glycosaminoglycan attach-trula-stage FS2-expressing embryos still cleaved the
dominant negative but did not rescue normal left-right ment sites, and not other sites in the extracellular
domain, are required for left-right development. To de-development. In controls, enterokinase injection did not
diminish the ability ofS2 (which lacks the FLAG/entero- termine which of the glycosaminoglycan attachment
sites was critical for left-right development, we mutatedkinase site) to randomize heart orientation, and injection
of enterokinase alone had no effects on left-right devel- the serines on S2 individually or in pairs. All S2 con-
structs that had one or more of the three GAG attach-opment. Western blot analysis indicated that injection
of enterokinase into the blastocoel at each of these ment sites still retained the ability of S2 to randomize
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heart looping. Western blot analysis demonstrated that
heparan sulfate is bound to each of the three GAG at-
tachment sites and to sites outside of this domain (data
not shown). These results indicate that heparan sulfate
chains attached to serines 48, 50, and 52 on syndecan-2
extracellular domain are functionally equivalent and impor-
tant to left-right development, and that heparan sulfate
chains attached to sites elsewhere on syndecan-2 cannot
compensate for the loss of this group of heparan sulfate
chains. This suggests that there are at least two function-
ally distinct groups of GAGs on syndecan-2, only one of Figure 5. Syndecan-2 Selectively Mediates the Left-Right Coordi-
nator Vg1which is involved in left-right development.
Expression of the pan mesodermal gene Mix.2 and the loading con-The presence of functionally distinct heparan sulfate
trol EF1 were measured by RT-PCR from stage 10 animal capchains is further supported by results obtained using chi-
explants. Synthetic mRNAs encoding BVg1 (100 pg total), ActivinBmeric syndecans. Expression of a chimeric syndecan con-
(25 pg), and Nodal (1 ng) were injected either alone or with S2 (1
taining the extracellular domain of syndecan-1 with the ng) into each cell at the four-to-eight-cell stage and animal caps
transmembrane and truncated cytoplasmic domain of were removed at stages 8.5 to 9 and cultured in the presence of
syndecan-2 (S1-S2) did not affect heart looping (96% cyclohexamide. Stage 10 whole embryos (WE) were used for RT-
PCR positive and negative controls (RT and RT).normal heart looping, n  102). Conversely, a chimeric
syndecan containing the extracellular domain of synde-
can-2 with transmembrane and truncated cytoplasmic do- explants was assessed for effects on BVg1, ActivinB, or
main of syndecan-1 (S2-S1) randomized heart looping Nodal induction of the early mesodermal marker Mix.2.
(41% heart reversal, n  88). Together with the synde- WhileS2 blocked the ability of BVg1 to induce expression
can-2 glycosaminoglycan-deletion mutants, these results of Mix.2,S2 had no effect on ActivinB or Nodal function
indicate that the heparan sulfate chains on syndecan-1 (Figure 5). These results suggest that S2 disrupts left-
are functionally distinct from the heparan sulfate chains right development by perturbing Vg1 and not Activin or
on syndecan-2. Additionally, these results suggest that Nodal activity.
S2 blocks normal syndecan-2 function by binding an To determine whether syndecan-2 binds Vg1, we ex-
extracellular factor and blocking its function. pressed epitope-tagged versions of syndecan-2 with epi-
tope-tagged Vg1 and determined whether Vg1 coimmuno-
precipitated with syndecan-2 (Figure 6A). The epitope tagsSyndecan-2 Can Selectively Bind
and Regulate Vg1 Activity did not alter the function of syndecan-2 or Vg1 in left-right
assays (data not shown). Both full-length pro-protein Vg1GAGs on syndecans have been shown to bind members
of the TGF family of cell-cell signaling molecules in cell (Figure 6B) and mature processed Vg1 ligand (Figures
6B and 6C) bound full-length syndecan-2 and S2. Theculture (Bernfield et al., 1999), and TGF family members
have been implicated in several steps in left-right develop- unprocessed precursor accumulated, and little mature
Vg1 was detected in the Vg1-Myc coimmunoprecipit-ment. Initiation of Xenopus left-right development may
involve the TGF signaling molecule Vg1, while ActivinB ations. In contrast, an abundant level of mature Vg1 was
detected in the BVg1-Myc coimmunoprecipitations, whileand Nodal likely function during later steps of left-right
development (Burdine and Schier, 2000). Although Vg1 unprocessed precursor was not detected. Interestingly,
Vg1 also bound the mutated S2 that is partially depletedRNA is sequestered to the vegetal pole, endogenous Vg1
protein is detectable in the embryonic animal cap ecto- of heparan sulfate GAGs and did not interfere with left-
right development (S2S48,50,52A). As a control, ActivinBderm (Dale et al., 1989; Tannahill and Melton, 1989). Like
other TGF family members, Vg1 is synthesized as a pro- only weakly interacted with syndecan-2 (Figure 6D), sug-
gesting that syndecan-2 has a higher affinity for Vg1 thanprotein that appears to be processed to an active mature
form in a restricted region of the Xenopus embryo, making for Activin.
the endogenous active form difficult to detect (Dale et al.,
1993; Thomsen and Melton, 1993). To produce detectable Normal Left-Right Development in S2-Injected
Embryos Is Rescued by Overexpression of Mature Vg1amounts of mature Vg1 protein, the protein-processing
site of other TGF family members, such as Activin or Ligand or Activated ALK4 Receptor in Mesoderm
We next sought to extend the in vitro animal cap assayBMP, are linked to the Vg1 ligand (Dale et al., 1993; Kessler
and Melton, 1995; Thomsen and Melton, 1993). For exam- results by assessing how syndecan-2 functionally inter-
acts with Vg1 in left-right development. To initially exam-ple, BVg1 is a chimera that provides mature Vg1 peptide
via the BMP2 protein-processing pathway. ine whether syndecan-2 functions cell nonautono-
mously in the ectoderm by mediating cell signaling inThe fact that nodal expression was altered in S2-
injected embryos suggested that syndecan-2 mediates a migrating mesoderm, we asked whether S2 in the
mesoderm could disrupt left-right development (Figurestep upstream of nodal asymmetric expression, perhaps
Vg1 signaling. To address the hypothesis that synde- 7A). In contrast to the randomized heart looping ob-
served whenS2 is expressed in the ectoderm, injectioncan-2 specifically mediates Vg1 signaling, we took advan-
tage of the fact that Vg1, ActivinB, or Nodal is a dorsal of S2 into mesodermal lineages had no effect on left-
right development (Figure 7B). These results demon-mesoderm inducer in animal cap assays (Dale et al., 1993;
Jones et al., 1995; Thomsen et al., 1990; Thomsen and strate that syndecan-2 normally functions in the ecto-
derm during left-right development.Melton, 1993). Expression of S2 in animal cap ectoderm
Developmental Cell
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Figure 7. Asymmetric Overexpression of Active Vg1 Ligand or
caALK4 Rescues Normal Left-Right Development in Syndecan-2-
Disrupted Embryos
(A) A lateral view of an early gastrula-stage Xenopus embryo illustrat-
ing the expression domains achieved by injecting L3 or R3 at the
16-cell stage to limit gastrula stage-expression to the mesendoderm
(red hatched) or injecting either ventral animal pole cell of the 32-
cell embryo to limit expression to the animal cap (red dotted).
(B) Normal left-right heart organogenesis was observed whenS2 was
targeted to mesodermal lineages (n  60) and was restored in S2
ectoderm-expressing embryos by left-sided mesodermal expression
(L3) of active Vg1 ligand (BVg1, n  109; AVg1, n  39; B4Vg1, n 
57) and caALK4 (n  66) but not full-length Vg1 (n  101).
RNA) completely rescued normal heart looping in S2-
expressing embryos. Normal heart looping was also res-
cued when the alternative TGF-Vg1 chimeras Activin-
Vg1 (AVg1) and BMP4Vg1 were used to produce active
mature Vg1 protein. Together, these results suggest that
Figure 6. Syndecan-2 Binds the Left-Right Coordinator Vg1 but Not syndecan-2 and Vg1 have functionally overlapping rolesClosely Related ActivinB
in left-right development.
(A) Flow diagram of the coimmunoprecipitation Western blot of Vg1-
To test whether cell signaling in the migrating meso-Myc following coinjection with various syndecan-2 HA-tagged con-
derm is downstream of syndecan-2 in the ectoderm, westructs and immunoprecipitation.
attempted to rescue normal heart looping in S2 ecto-(B) Homogenates (lane 1) or HA immunoprecipitates (lanes 2–5) were
blotted with an anti-Myc antibody that recognizes the COOH-tagged derm-expressing embryos by expressing the constitutively
Vg1. Syndecan-2 constructs used are described in previous figures. active Vg1 receptor ALK4 (caALK4) in the mesoderm. A
The unprocessed precursors (endogenous Vg1, BVg1, and Activ- mutation in the ALK4 cytoplasmic domain produces a
inB are all about 46 kDa plus 11 kDa for the 6Myc tag) and mature
receptor that is activated regardless of the presence ofVg1 (18 kDa plus 11 kDa) were detected. As a control, Vg1-Myc
ligand, cell autonomously turning on the downstreamwas injected alone (lane 5). Western blots of BVg1-Myc (C) and
intracellular signaling pathway (Willis et al., 1996). WhileActivinB-Myc (D) were performed with the same conditions.
ALK4 has been shown to transduce Activin and Nodal
signals, ALK4 is also a putative Vg1 receptor (Hoodless
Vg1 is thought to function as a “left-right coordinator” et al., 1999; Reissmann et al., 2001; A.F. Ramsdell and
on the left side of the embryo, since active mature forms H.J.Y., unpublished data). When caALK4 was targeted
of the molecule have the ability to completely reverse to mesendoderm on the left side, normal left-right devel-
the left-right axis when ectopically expressed on the opment was rescued in embryos expressing dominant-
right side (Hyatt and Yost, 1998). We next attempted to negative S2 in the ectoderm (Figure 7B).
rescue normal heart looping inS2-expressing embryos
by overexpressing Vg1 or BVg in mesoderm on the left Discussion
side. Injection of up to 4 ng of Vg1 RNA (which does
not normally generate mature ligand) on the left did not We report here that syndecan-2 is required during gas-
alter the effects of S2 (Figure 7B). Strikingly, left-sided trulation for left-right development. Perturbation of syn-
decan-2 function results in a disruption of asymmetricexpression of mature Vg1 ligand (by injection of BVg1
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patterning of downstream genes nodal, lefty, and pitx2,
and eventual orientation of the heart and gut organogen-
esis. This places syndecan-2 upstream of all known
asymmetrically expressed genes in Xenopus. A func-
tional interaction between multiple extracellular heparan
sulfate glycosaminoglycans and the cytoplasmic do-
main is necessary for the establishment of the left-right
signaling pathway. Furthermore, syndecan-2 selectively
binds and mediates Vg1, and asymmetric overexpres-
sion of the active Vg1 ligand or activated ALK4 receptor
rescues the normal left-right axis inS2-expressing em-
bryos. These results suggest that syndecan-2 directs
early left-right development by functioning as a trans- Figure 8. Model of Syndecan-2-Vg1 Interaction during Early Left-
Right Developmentacting, cell-nonautonomous cofactor of Vg1 that trans-
Syndecan-2 (red) on the basal cell surface of the animal cap ecto-mits left-right information to migrating mesoderm.
derm localizes and activates Vg1 (triangles). The cytoplasmic do-
main of syndecan-2 normally (A) is required for activation of Vg1,
leading to left-sided signal transduction (arrows) in the mesoderm.
Syndecan-2 Is a Cell-Nonautonomous Cofactor In embryos expressing the cytoplasmically truncated syndecan-2
in Left-Right Development S2 (B), no left-sided signal is propagated because Vg1 is localized
Previously, syndecans have been thought to function but not activated. Overexpressing the active Vg1 ligand (C) or
caALK4 (D) in the left side mesoderm rescues normal left-right devel-as cofactors in the same cell as the signal-transducing
opment in S2-expressing embryos.receptor. While there is no direct evidence that a ligand
bound to syndecan-2 is presented directly to the meso-
derm, our results suggest that syndecan-2 acts on the
be rescued from the effects of dominant-negative syn-surface of cells different (ectoderm) than those that ex-
decan-2 by asymmetric activation of the Vg1/ALK4 sig-press signal-transducing receptors and respond to sig-
naling pathway in the mesoderm. The most parsimoni-nals (mesoderm). This is supported by two observations.
ous explanation is that syndecan-2 expressed by theFirst, cell-autonomous activation of the ALK4 pathway
ectoderm presents Vg1 to the migrating mesoderm dur-within migrating mesodermal cells can overcome S2
ing gastrulation, activating an ALK4 signaling pathway.expression in the ectoderm. Activation of the ALK4 path-
way in the ectoderm cannot overcome the effects of
S2 (data not shown). Conversely, expression of S2 in A Model of Syndecan-2 Mediating Vg1 Activity
the mesoderm does not affect the ability of endogenous in Left-Right Development
syndecan-2 in the ectoderm to mediate left-right devel- ALK4 has at least three ligands: Activin, Nodal, and Vg1
opment, suggesting that S2 might prevent the forma- (Hoodless et al., 1999; Reissmann et al., 2001). Data
tion of a functional cell-nonautonomous cofactor signal- from several experimental approaches indicate that syn-
ing complex by oligomerizing with the endogenous decan-2 mediates Vg1 (or a closely related Vg1 family
syndecan-2. Second, the ability of enterokinase to cleave member) in left-right development and not Nodal and
FS2 when injected into the blastocoel demonstrates that Activin. The role of syndecan-2 in left-right development
S2 blocks endogenous syndecan-2 function at the cell appears to be upstream of Nodal signaling, since endog-
surface, not by intracellularly sequestering syndecan-2 enous Nodal expression is randomized in S2 embryos.
or a ligand for syndecan-2 that is involved in left-right Additionally, S2 in the animal cap assays does not
development. The enterokinase could destroy the ability affect Nodal or Activin signaling. There are three results
ofS2 to function as a dominant negative by uncoupling that point to syndecan-2 mediating Vg1 signaling in left-
the truncated cytoplasmic domain from the ectodomain right development. First, syndecan-2 specifically binds
or could convert the S2 dominant negative into a wild- Vg1 and not Activin. Second, S2 in the animal cap
type protein by inducing shedding of the ectodomain. assays blocks Vg1 signaling. Finally, normal left-right
Regardless of which mechanism occurs, the results ar- development can be rescued in S2-expressing em-
gue that the dominant-negative syndecan-2 functions bryos by asymmetric overexpression of active Vg1 li-
at the cell surface in early gastrula stages, just before the gand. Therefore, we propose a working model for how
migration of mesoderm across the animal cap ectoderm. syndecan-2 specifically and cell nonautonomously me-
Two distinct possibilities exist for how the ectoderm diates early left-right development (Figure 8).
controls mesodermal left-right development. The ecto- In this model, syndecan-2 binds Vg1 on the basal cell
derm could receive a left-right signal from the meso- surface of the animal cap ectoderm and coordinates
derm, indirectly signaling back to the mesoderm via its activity through a functional interaction between the
another signaling molecule or to other left-right signaling cytoplasmic domain and a distinct group of heparan
centers, such as the node or the midline. Alternatively, sulfate chains on the extracellular domain of syndecan-2
our results suggest that the ectoderm presents a left- (Figure 8A). Syndecan-2-mediated Vg1 is then presented
right determinant to the migrating mesoderm, directly to the mesoderm as it migrates over the ectoderm during
mediating left-right development within the mesoderm. gastrulation, resulting in asymmetric expression of down-
Syndecan-2 mediates left-right development in ectoder- stream genes nodal, lefty, and pitx2. In contrast, the
mal cells that do not contribute to the midline or the cytoplasmically truncated S2 binds Vg1 but fails to
node. Furthermore, syndecan-2 binds the early left-right functionally activate it and/or present it in the appro-
priate conformation to the migrating mesoderm (Figuredeterminant Vg1, and normal left-right development can
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8B). In the absence of signaling from the ectoderm to The cell-nonautonomous role of the ectoderm in con-
the mesoderm, subsequent asymmetric gene expres- trolling left-right development has remained elusive, de-
sion patterns are randomized and organ asymmetries spite being one of the first embryologically identified
are generated (i.e., the cardiac tube loops), but left- left-right signaling centers (Oppenheimer, 1974; Yost,
right organ orientation is randomized. Normal left-right 1992). Studies into the embryonic ectoderm’s role in
development can be rescued in S2-expressing em- early left-right development in other vertebrates have
bryos by asymmetrically overexpressing the active Vg1 been neglected. By identifying syndecan-2 as a molecu-
ligand (Figure 8C) or constitutively active ALK4 (Figure lar mediator and defining the early critical period during
8D) on the left side, which both bypass the requirement which syndecan-2 function in the ectoderm is required,
for syndecan-2 to activate or mediate Vg1 signaling. this work begins to define how the embryonic ectoderm
Given that little active or processed Vg1 protein has controls left-right development.
been detected in Xenopus embryos and only a small
amount of prepro Vg1 protein is seen in the animal hemi- Experimental Procedures
sphere (Dale et al., 1989; Tannahill and Melton, 1989),
Construct Synthesisit remains a possibility that syndecan-2 could be regulat-
QuickChange (Stratagene) was used to modify syndecan-1 and -2ing a very closely related Vg1 family member, like GDF1
as indicated in the figure legends; amino acid number is based on
or Derriere (Rankin et al., 2000; Wall et al., 2000; Hana- GenBank #U41628 and GenBank #U41760 for Xenopus syndecan-1
fusa et al., 2000). While further analysis is needed to and -2, respectively (Teel and Yost, 1996). Sequences around the
define whether syndecan-2 mediates endogenous Vg1 translation start site for both syndecans were modified toward Kozak
consensus sequences, but syndecan protein coding sequence wasor a closely related Vg1 family member in left-right devel-
not changed. In all cases, mutagenesis was confirmed by dideoxyopment, we have demonstrated that syndecan-2 can
sequencing. For detection by Western blotting or cleavage by en-specifically mediate Vg1 function and that syndecan-2
terokinase, HA or FLAG tags, respectively, were inserted into synde-
mediates the left-right pathway at a point during which can-2 by annealing complementary oligonucleotides encoding ei-
Vg1 is thought to function. ther peptide and subsequently ligating into a NsiI site generated
adjacent to the putative transmembrane domain of syndecan-2. For
the HA-tagged syndecan-2, the resulting construct encoded theHow Does Syndecan-2 Signal?
sequence …QNAYPYDAVPDYASHTE…, where inserted aminoThe model is consistent with the role of syndecan-2
acids are underlined. The NsiI site was also used to generate theas a cofactor, mediating how Vg1 activates its primary
chimeric syndecans described in the text. Vg1, BVg, and ActivinBsignaling receptor on the mesodermal cell surface. The
were each tagged by placing the 6Myc epitope in frame at the
mechanism by which syndecan-2 mediates Vg1 activity carboxyl terminus. Tags did not affect syndecan-2, Vg1, BVg, or
in left-right development is not clear, but our results ActivinB activity (Figure 3, data not shown).
identify specific heparan sulfate chains on the ectodo-
main of syndecan-2 that have a role in left-right develop- Embryo Injections
For all experiments, sense RNA was synthesized from linearizedment, most likely by mediating Vg1 activation. The inabil-
constructs using mMessage mMachine (Ambion). Unless otherwiseity of the syndecan-1 extracellular domain to functionally
indicated in the figure legends, RNA or morpholinos was injectedsubstitute for the syndecan-2 extracellular domain in
into either ventral animal pole cell of the 32-cell embryo at a concen-left-right development suggests that the heparan sulfate
tration of 500 pg of RNA or 1.5 pmol per cell, respectively. Injected
chains on syndecan-2 are functionally distinct from embryos were cultured and analyzed for heart morphology and mo-
those attached to syndecan-1. Further studies will delin- lecular markers as described (Ramsdell and Yost, 1999). p values
eate the modifications of these heparan sulfate chains were generated by 2 analyses and refer to the null hypothesis that
experimental and control embryos are equivalent.that make them distinct from the other chains and how
these GAGs on syndecan-2 contribute to left-right axis
Fibronectin Immunofluorescenceformation.
Texas red-labeled dextran (10,000 MW, Molecular Probes) was coin-Given the structural and functional similarities be-
jected with RNA at a concentration of 1 mg/ml to label the celltween Vg1, Nodal, and ActivinB, the selectivity with
lineage. Embryos were collected at stage 11, animal caps removed
which syndecan-2 mediates Vg1 signaling is remark- and fixed for 2 hr in MEMFA (3.7% formaldehyde, 0.1 M MOPS [pH
able. Since both Nodal and Activin appear to be regu- 7.5], 2 mM EGTA, 1 mM MgSO4), washed in TBST, and blocked for
lated by distinct cell surface cofactors, it is interesting 1 hr in blocking buffer. Fibronectin was immunodetected using a
mouse anti-fibronectin antibody (1 hr at room temperature, 1:1,000to speculate by analogy how syndecan-2 might regulate
in TBST, and 3% BSA), washed 3 times in TBST, incubated for 1Vg1 function. Nodal signaling requires EGF-CFC factors,
hr with 1:200 sheep anti-mouse Cy2 (Amersham Pharmacia), andand the EGF-CFC factor Cripto has recently been shown
washed 3 times in TBST. Fibronectin and dextran were visualizedto interact with ALK4 to form a functional Nodal/ALK4/
using a Nikon confocal microscope.
ActR-II signaling complex (Yeo and Whitman, 2001). In
contrast, Activin signaling does not require a cofactor, Syndecan Extraction, Blotting, and Coimmunoprecipitation
but betaglycan can facilitate binding of the Activin an- Embryos were homogenized in a buffer containing 1% Triton X-100,
tagonist Inhibin to ActR-II, thus preventing access of 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 10 mM NaF, 10
Activin to ActR-II and subsequent recruitment or activa- mM Na4P2O7, 0.2 mM Na3VO4, and 1	 complete protease inhibitors
(Boehringer Mannheim) in a final volume of 500 
l and centrifugedtion of ALK4 (Lewis et al., 2000). The ability of constitu-
15 min at 10,000 	 g. Homogenates were then either extracted withtively active ALK4 to rescue dominant-negative synde-
Guanidine-HCl and buffered saturated phenol for isolating synde-can-2 suggests that the molecular mechanism by which
cans as described (Reizes et al., 2001) or incubated overnight with
syndecan-2 mediates Vg1 function might resemble the 10 
l anti-HA-sepharose (Covance) for coimmunoprecipitations.
mechanisms by which EGF-CFC regulates Nodal, but Pelleted (2 min at 2,000 	 g) sepharose was washed 3 times with
future experiments are required to determine whether homogenization buffer and processed by Western blotting. Immuno-
precipitants were subsequently denatured, separated on 4%–12%there are functional similarities.
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Tris-Glycine gels (Novex), and transferred to Immobilon-N (Millipore) J.L., and Thomsen, G.H. (1999). Dominant-negative Smad2 mutants
inhibit activin/Vg1 signaling and disrupt axis formation in Xenopus.overnight at 50 V in 0.3% Tris base, 1.44% glycine, and 10% metha-
nol. Membranes were washed briefly in water, blocked for 1 hr at Dev. Biol. 207, 364–379.
room temperature in 5% nonfat milk in TBST (0.24% Tris base, 0.8% Hopp, T.P., Prickett, K.S., Price, V.L., Libby, R.T., March, C.J., Cer-
NaCl, 0.5% Triton X-100), and incubated for 1 hr at room temperature retti, D.P., Urdal, D.L., and Conlon, P.J. (1988). A short polypeptide
in blocking buffer with 1:1,000 anti-HA (Covance) or 1:500 anti- marker sequence useful for recombinant protein identification and
Myc (Covance). Membranes were then washed 3 times with TBST, purification. Biotechnology 6, 1204–1210.
incubated for 1 hr at room temperature with 1:5,000 donkey anti-
Hyatt, B.A., Lohr, J.L., and Yost, H.J. (1996). Initiation of vertebrate
mouse HRP or donkey anti-rabbit HRP (Jackson ImmunoResearch),
left-right axis formation by maternal Vg1. Nature 384, 62–65.
and washed 3 times with TBST. Syndecan-2 was detected with
Hyatt, B.A., and Yost, H.J. (1998). The left-right coordinator: the roleECLPlus (Amersham Pharmacia) and visualized using a Storm
of Vg1 in organizing left-right axis formation. Cell 93, 37–46.Phosphorimager.
Jackson, S.M., Nakato, H., Sugiura, M., Jannuzi, A., Oakes, R., Ka-
luza, V., Golden, C., and Selleck, S.B. (1997). dally, a DrosophilaAnimal Cap Assay
Synthetic mRNAs were injected into the animal pole of each cell at glypican, controls cellular responses to the TGF-beta-related mor-
phogen Dpp. Development 124, 4113–4120.the 4- to 8-cell stage, and animal caps were removed at stage 8.5
to 9 and cultured until stage 10.5 in 0.7	 MMR containing 100 
g/ Jones, C.M., Kuehn, M.R., Hogan, B.L., Smith, J.C., and Wright, C.V.
ml BSA, 0.1% gelatin, and 5 ng/ml cycloheximide. RNA was isolated (1995). Nodal-related signals induce axial mesoderm and dorsalize
using TriReagent LS (Molecular Research Center), and first strand mesoderm during gastrulation. Development 121, 3651–3662.
synthesis was done using SuperScript II (Invitrogen). PlatinumTaq
Kessler, D.S., and Melton, D.A. (1995). Induction of dorsal mesoderm
was used with primer sets previously described for Mix.2 (Vize, 1996)
by soluble, mature Vg1 protein. Development 121, 2155–2164.
and EF1 (Hemmati-Brivanlou and Melton, 1994). Amplification cy-
Kim, C.W., Goldberger, O.A., Gallo, R.L., and Bernfield, M. (1994).cles were monitored to maintain amplification in the linear range.
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